A theory is developed which accounts for the free nonrelativistic motion of fractionally charged quarks within hadrons, and at the same time does not permit quarks to appear as individuals. This is accomplished by modifying Dirac s idea that the quantization of electric charge derives from the existence of a point magnetic pole, to include the situation in which the pole is extended in space and of hadronic size. The needed formalism makes use of Mandelstam's gauge-independent, path-dependent quantum electrodynamics, as extended by Cabibbo and Ferrari to include the existence of point magnetic poles. It is shown that the further extension to a pole of 6nite size and the use of parallel straight paths are the only new features that are required. In particular, no assumptions need be made with regard to the masses of quarks, the interactions between them, or the existence of a constraining potential.
a meson is supposed to consist of a quark. and an antiquark. More complicated schemes that make use of integer-charged subparticles are also possible2 but will not be considered in this paper.
Apart from symmetry considerations, ' ' there is rather good evidence for the existence of quarks as quasifree particles within hadrons. 4 This evidence is based on the additive quark model, according to which the impulse approximation can be applied to the constituent quarks and antiquarks involved in high-energy hadron-hadron collisions, in much the same way as it can be applied. to the nucleons involved in high-energy nuclear collisions. There is, however, the striking difference between the two situations that nucleons are quite easily knocked out of nuclei and observed by themselves, whereas individual quarks have not been found. ' At- That such an extended pole must behave classically can be seen from a calculation of the angular momentum associated with the electromagnetic 6eld of the pole and a point charge q that lies outside it. This angular momentum, which has the magnitude qg/c for a point pole and is directed" from q to g, is equal to (qg/c) )& $1 -(R'/3r') $ for an extended pole, ' where R is now the rms radius of the pole and r is the charge-pole separation distance. Thus as a charge moves radially in toward a Gxed pole, the field angular momentum decreases, and a corresponding torque is exerted on the pole by the changing electric field of the charge, so that the angular momentum of the pole changes continuously.
Since our selection principle is expressed in terms of the spatial coordinates of the quarks, and we are concerned with their nonrelativistic motion, we shall make use of the many-particle nonrelativistic Schrodinger equation. As usually formulated, this equation contains the vector and scalar potentials of the electromagnetic 6eld in which the charged particles move, and we are particularly interested in potentials that arise from a magnetic pole. It is clearly impossible to represent the magnetic Geld of a pole everywhere in this way, since the field is the curl of the vector potential, and hence has vanishing divergence. Dirac solved this problem for a point pole by allowing the vector potential to be singular along a line extending from the pole to in6nity; he called this line a "string. " He also found it necessary to require that "a string must never pass It shoud also be noted that, under these circumstances, an allowed closed circuit of any of the r, does not destroy the uniqueness of P~.
